The blue copper protein from Pseudomonas aeruginosa, azurin, immobilized at gold electrodes through hydrophobic interaction with alkanethiol self-assembled monolayers (SAMs) of the general type [−S − ðCH 2 Þ n − CH 3 ] (n ¼ 4, 10, and 15) was employed to gain detailed insight into the physical mechanisms of short-and long-range biomolecular electron transfer (ET). Fast scan cyclic voltammetry and a Marcus equation analysis were used to determine unimolecular standard rate constants and reorganization free energies for variable n, temperature (2-55°C), and pressure (5-150 MPa) conditions. A novel global fitting procedure was found to account for the reduced ET rate constant over almost five orders of magnitude (covering different n, temperature, and pressure) and revealed that electron exchange is a direct ET process and not conformationally gated. All the ET data, addressing SAMs with thickness variable over ca. 12 Å, could be described by using a single reorganization energy (0.3 eV), however, the values for the enthalpies and volumes of activation were found to vary with n. These data and their comparison with theory show how to discriminate between the fundamental signatures of short-and long-range biomolecular ET that are theoretically anticipated for the adiabatic and nonadiabatic ET mechanisms, respectively. electron transfer mechanism | pressure | protein friction | reorganization | temperature T he intrinsic electron transfer (ET) mechanisms of even small and otherwise well-characterized proteins such as cytochrome c or azurin (Az) are difficult to identify conclusively because of the proteins' complexity, i.e., inhomogeneous structural and dynamic properties (1-14). The use of bioelectrochemical tunneling junctions, such as self-assembled monolayer (SAM) films of variable composition and thickness on metal electrodes, with redox proteins immobilized at the solution interface (or freely diffusing to the SAM terminal groups) have been shown to provide an assembly with well-defined and variable control parameters. As such, these assemblies are well suited for fundamental studies (15-32) and offer promise for versatile nanotechnology applications (32, 33) . On the basis of earlier fundamental efforts, this work studies ET between a Au electrode that is coated with a SAM alkanethiol film of variable thickness and a "model" biomolecular target, the blue copper protein, Az, from Pseudomonas aeruginosa that is immobilized through hydrophobic interactions onto the SAM. As a decisive development of the preceding work (19, 20, 25, 26) , we offer unique kinetic data obtained through temperature-and pressure-variation and the mechanistic analysis through a unique global fitting procedure accounting for ET at different SAM thickness, temperature, and pressure conditions that provided the variation of the reduced ET rate constant over almost five orders of magnitude. Importantly, our previous work demonstrated that Au-deposited SAMs can withstand pressure-related stress within 5 to 150 MPa (27, 28, 34).
T he intrinsic electron transfer (ET) mechanisms of even small and otherwise well-characterized proteins such as cytochrome c or azurin (Az) are difficult to identify conclusively because of the proteins' complexity, i.e., inhomogeneous structural and dynamic properties (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . The use of bioelectrochemical tunneling junctions, such as self-assembled monolayer (SAM) films of variable composition and thickness on metal electrodes, with redox proteins immobilized at the solution interface (or freely diffusing to the SAM terminal groups) have been shown to provide an assembly with well-defined and variable control parameters. As such, these assemblies are well suited for fundamental studies (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) and offer promise for versatile nanotechnology applications (32, 33) . On the basis of earlier fundamental efforts, this work studies ET between a Au electrode that is coated with a SAM alkanethiol film of variable thickness and a "model" biomolecular target, the blue copper protein, Az, from Pseudomonas aeruginosa that is immobilized through hydrophobic interactions onto the SAM. As a decisive development of the preceding work (19, 20, 25, 26) , we offer unique kinetic data obtained through temperature-and pressure-variation and the mechanistic analysis through a unique global fitting procedure accounting for ET at different SAM thickness, temperature, and pressure conditions that provided the variation of the reduced ET rate constant over almost five orders of magnitude. Importantly, our previous work demonstrated that Au-deposited SAMs can withstand pressure-related stress within 5 to 150 MPa (27, 28, 34) .
The rate constant, k et , for nonbiological and biological ET may be cast in a thermally activated Arrhenius form that is valid within the range of commonly used temperatures (1, 3, (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) :
where ΔG Ã a is an activation free energy for reaching the transition state, which arises from the complete Franck-Condon weighted density of states and is connected with the medium's dielectric (cumulative sum) response, and A is a preexponential factor whose form is specific for the ET mechanism (see below) (1, 3, (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) . Previous studies that exploited SAM-coated electrodes revealed two kinds of phenomenological behavior (17) (18) (19) (20) (21) (22) (24) (25) (26) (27) (28) (29) (30) (31) . For the case of thicker SAMs (long-range ET), these studies showed an exponential decay of k et with the SAM thickness (that is a part of the ET distance, R e ); in accordance with the nonadiabatic ET (tunneling) theory (1, 3, 17-22, 24-32, 46-50) :
where R o is the electrode-reactant (so-called donor-acceptor) separation distance at their closest approach, and β is the distance decay parameter, which has a value of ca. 1 Å −1 for alkanethiol SAMs (17) (18) (19) (20) (21) (22) (24) (25) (26) (27) (28) (29) (30) (31) (32) . Because of this well-recognized signature, a common consensus exists for the nonadiabatic nature of longrange ET through alkanethiol or other insulating SAMs, independent of the type of redox probe and its interaction mode with the SAM (1, 3, 17-22, 24-32, 46-50) . The situation is different and more controversial with respect to short-range ET at SAM-modified metal electrodes, given a similar composition for SAMs involved in the short-and longrange ET. Importantly, contemporary ET theory accounts for a change in the reaction mechanism with a change in the ET distance, by way of the consequent change in electronic coupling between the electrode and redox center (see below) (1, 3, (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) . As the strength of the electronic coupling increases (corresponding to a decrease in R e ), the ET mechanism changes from the nonadiabatic limit to an adiabatic or dynamically controlled limit,* provided that the ET process can be viewed as a single barrier-crossing event in both cases. It is well known (1, 3, (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) that an experimental signature of adiabatic ET (or solventcontrolled ET) is a dependence of k et on the polarization dynamics; i.e.,
A AD ∝ ν eff [3] where ν eff is the effective nuclear vibrational frequency for the fluctuating polar environment that determines barrier-crossing attempts of the reactive system. For the case of Debye-like solvents, ν eff is associated with the longitudinal dielectric relaxation time, whereas for the case of slowly relaxing media with several or a distribution of relaxation times (viscous molecular or ionic liquids, biomolecules, etc.), it can be associated either with the combination, or slower diffusional or quasi-diffusional modes that are linked to local and/or the bulk viscosity (12, 37-42, 51, 52) . In any case, the apparent adiabaticity in soft matter (in contrast to nonconductive crystalline solids, e.g., refs. 3, 35, 36) is intrinsically related to "viscosity control" in the sense that the same relaxation modes determine both phenomena, ET and viscous flow (12, 34, 37-42, 48, 53) . This feature is captured by Eq. 4:
where η is the zero-frequency, bulk shear viscosity, and δ is an "empirical" (27) (28) (29) 56) , which is the biological counterpart of the solvent-controlled (apparent adiabatic) mechanism. The same experimental signature has been proposed for the "conformational-gating" mechanism, which arises from an extra barrier-crossing event [e.g., (macro)molecular intra-or intermolecular rearrangement] that is not intrinsically coupled with ET but may be rate limiting. In this limiting mechanism, the effective rate constant, k eff , is also proposed to become independent of R e (Eq. 2) and dependent on η (13, 14, 18, 26, 55) . A number of examples of rigorously confirmed conformationally gated ET have been reported (13) and it appears to be of considerable biological importance. However, it should be considered as a special case compared to the more general adiabatic ET mechanism that is of essentially "universal" origin (see below) (24, 27-29, 34, 48, 53, 56-58) . Regrettably, as far as biological ET is concerned, except for several cases limited to different cytochrome c assemblies (24, (27) (28) (29) (56) (57) (58) , the apparent adiabatic mechanism has not been discussed or demonstrated unequivocally. In fact, viscosityrelated kinetics [also exhibiting a very weak dependence (almost independence) of the rate on the SAM thickness] is often interpreted as arising from a conformational-gating mechanism without relevant experimental cross-testing or analysis to ascertain whether it could arise from a certain adiabatic ET mechanism (see below). Consequently, advanced in-depth investigation of (biological) ET that identifies fundamental mechanisms and, possibly, changeover between them, is a challenging task of general interdisciplinary importance.
Results and Discussion
Rate Constants and Reorganization Free Energies from Cyclic Voltammetry (CV) Peak Analysis. According to earlier work (19, 20, 25, 26, 30, 31) , Az can be immobilized by the interaction of its hydrophobic patch with the hydrophobic CH 3 -terminal groups of the SAM of the general type:
The plots of lnðk o Þ (where k o is the standard electrochemical rate constant for electron exchange between Az and Au), versus n (values from 2 to 17) exhibited biphasic behavior, namely, the exponential dependence of the type, Eq. 2 within the range of n ¼ 11-17, and a plateau region (weak dependence of k o on n) over the range of n ¼ 3-9; see Fig. 1 . For the purpose of in-depth mechanistic studies, we selected three systems with n ¼ 4, 10, and 15. Two of these fall well within the two limiting mechanistic regimes and the third (n ¼ 10) lies in an intermediate range. Fast scan CV applied throughout resulted in well-defined anodic and cathodic peaks arising from the Faradaic process of electron exchange (Fig. S1 ) and was measured as a function of scan rate to determine rate constants. Typical CV curves under variable experimental conditions are depicted in Figs. S2 and S3. The method of Weber and Creager (59) and Tender et al. (60) , which is based on the Marcus relation (1) (see also ref. 61 ), was applied to obtain unimolecular standard rate constants and reorganization free energies through a fitting algorithm for values of the cathodic and anodic peak potentials as a function of the scan rate (see also refs. 23, 24, 29, 31, 57) . Furthermore, we have generalized the fitting algorithm to include the impact of temperature over the range studied in this work (0-60°C) and applied a global fitting procedure to increase the accuracy for the determination of λ o . The latter procedure allows for the simultaneous fitting of all the data corresponding to ca. 100-fold variation of the potential scan rate and ca. 1000-fold variation of the rate constant throughout the experiments. This corresponds to the variation of the scaled rate constant, v∕k o , over almost five orders of magnitude; see First we consider and discuss the values of the reorganization free energies, λ o , for ET that are extracted from the CV peak analysis. Figs. S2 and S3 show representative fitting curves accomplished for distinct experimental series under variable temperature and pressure conditions, whereas Fig. 2A and B report the temperature-and pressure-related datasets for the global fitting procedure. For all three types of SAMs that were studied, the procedures of traditional fitting and original global fitting yielded the common value of λ o ¼ 0.3 eV.
† The value from the global fit has an accuracy of AE0.03 eV (from least-squares analysis), whereas the same analysis for the thinner SAM assemblies with n ¼ 10 and 4 (with data points falling mostly in the middle and bottom parts of the global curves, Fig. 2A and B) has an average accuracy of AE0.1 eV. The globally fitted value of λ o ¼ 0.3AE 0.03 eV seems especially reliable and agrees satisfactorily with the average of values determined for thicker SAMs in previous work (19, 20, 31) .
Activation Enthalpies from Arrhenius Analysis. Next we consider results from the Arrhenius analysis of kinetic data obtained under variable temperature conditions, according to Eq. 5 (1, 3, 35) :
where ΔH aðEXPÞ denotes the experimental enthalpy of activation. Fig. 3 depicts Arrhenius-like plots for unimolecular standard rate constants for electron exchange of Az functionalized at Au electrodes modified by alkanethiol SAMs of different thickness (n ¼ 4, 10, 15). The respective values of ΔH aðEXPÞ along with the values of λ o discussed in the previous subsection are collected in Table 1 . In the Marcus model with zero reaction driving force, which is the basic condition for the standard electrochemical rate constants, the activation free energy of the ET process may be related to the reorganization free energy through Eq. 6 (1, 3, 35, 36, 42) :
where 
where ρ m is the density of electronic states in the metal (electrode) around the Fermi level. However, notwithstanding the awareness of other parameters, a lack of precise information concerning the ET distance R e (namely, the portion attributable to the protein section), and hence V AB , makes such an estimate too speculative. Given that the rate constant for ET through thicker SAMs (n ¼ 15) falls within the range attributable to the nonadiabatic mechanism, the obtained result (ΔH Ã a ≈ λ o ∕4) seems to be in accord with Eq. 6. This agreement suggests that the value of the reorganization free energy mostly comes from water that is distant from the active site hydrophobic patch. Indeed, the rather small value of λ o ≈ 0.3 eV found in this work and by others (19, 20, 26, 31) is considerably smaller than that one finds from various homogeneous experiments (63, 64) or theoretical calculations (11) . This difference may result from partial burial of the protein's active site into the SAM's outer layer, hence its essential isolation from nearby water. Adjacent water is believed to contribute strongly to λ o , especially to its entropic part (11) , and one might expect such contributions to be negligible for hydrophobically adsorbed Az, and lead to ΔS Ã a ≈ 0. Importantly, a similar conclusion is deducible for ET within the comparable Au/SAM systems with covalently attached nonbiological metal complexes acting as redox probes (46, 50) .
For thinner films, which occur in the apparently adiabatic regime (Eqs. 3, 4), the relaxation component ν eff is a thermally activated process as well. Hence, in this case, the value of ΔG aðEXPÞ (or ΔH aðEXPÞ , as its constituent part) should contain an additional component, namely, ΔG aðηÞ (or, respectively ΔH aðηÞ ), related to the protein friction (24, 27, 28, 34, 41, 53) . For short-range ET (n ¼ 4), the value of ΔH aðEXPÞ is twice that of the long-range (n ¼ 15) ET; see Table 1 . For an apparent adiabatic mechanism, it is natural to propose that this increase comes from an additional component arising from the slow relaxation (viscosityrelated or frictional) term, such that ΔH aðEXPÞ ¼ ΔH 24, 28, 54) . Interestingly, the value of ΔH aðEXPÞ for n ¼ 10 (the transition point between two regimes; Fig. 1 ) is intermediate to the other two cases; see Table 1 . where ΔV aðEXPÞ denotes the experimental volume of activation to be specified below. Fig. 4 shows logarithmic plots for reduced rate constants as a function of pressure. Experimental values for ΔV aðEXPÞ obtained for the cases of n ¼ 4, 10, and 15 are presented in Table 1 . One can see a dramatic change in the value and even the sign of ΔV aðEXPÞ on going from the long-to short-range ET. The value for n ¼ 10 that is the transition point between the two regimes, Fig. 1 , is intermediate to the other values, Table 1 . Next we consider the different contributions to ΔV aðEXPÞ in more detail. From Eqs. 7 and 8 for a nonadiabatic ET mechanism, one obtains Eq. 9 (27, 28, 67):
from which it follows that ΔV aðEXPÞ originates from the effect of pressure on changing the ET distance and/or a change in the medium (SAM/protein/solvent) reorganization energy (27, 28) . The value of ΔV aðEXPÞ ¼ −5.1 AE 0.6 cm 3 mol −1 obtained in this case (n ¼ 15, Table 1 ) is very similar to that reported earlier for the ET of cytochrome c freely diffusing to [Au − S − ðCH 2 Þ 6 − OH] junctions, namely, −5.5 AE 0.5 cm 3 mol −1 (which occurs in the nonadiabatic limit) (27, 28) . Assuming that the fraction of λ o from the protein interior is small and hardly affected by pressure (70), the contribution of the first term of Eq. 9 can be ascribed to reorganization energy changes of the remote bulk water amounting to ca. −ð2 to 3Þ cm 3 mol −1 (25) , and the remainder, −ð2 to 3Þ cm 3 mol −1 , can be ascribed to the contribution from the system's compression in the transition state versus the initial state (28) .
On considering the effect of pressure on the apparent adiabatic (viscosity-related) ET process, from Eqs. 1, 4, 6, and 8, one arrives at Eq. 10 (27, 28, 56, 68, 69):
The value of ΔV aðEXPÞ ¼ þ1.7 AE 0.3 cm 3 mol −1 obtained in this case (n ¼ 4, Table 1 ) is considerably smaller than that reported earlier for the ET of cytochrome c freely diffusing to [Au − S− ðCH 2 Þ 3 − OH] junctions (with an ET mechanism attributed to Table 1 . Standard rate constants, intrinsic free energy of activation (derived from the fitted value of reorganization energy, second column), and separately derived "effective" activation parameters for ET of Az at Au electrodes modified by alkanethiol SAMs Errors are obtained from the least-squares analyses of the respective plots (Figs. 2-4) . The values depicted in bold (second and third columns) may be considered as equal on theoretical grounds (see text for details). Fig. 3 . Arrhenius plots for unimolecular standard rate constants reduced to the standard value at 2°C for electron exchange of Azurin hydrophobically immobilized on SAM-coated Au electrodes; the CH 3 -terminated n-alkanethiol SAMs are n ¼ 4 (Red), 10 (Green), and 15 (Blue). SEs for experimental points directly match the symbol size. the same adiabatic type), namely, þ6.7 AE 0.5 cm 3 mol −1 (27, 28) . Assuming that the second term of Eq. 10 is similar to that of Eq. 9, the contribution of the first viscosity-related term, ΔV aðηÞ (caused by protein friction) is found to be þð4 to 5Þ cm 3 mol −1 (Table 1) . We note that according to refs. 71, 72, the native structure of Az is preserved under pressure up to 300 MPa, although its internal flexibility decreases (71) . This is a direct confirmation for the increase in internal friction under pressure that is deduced from our results. This value is about half of the analogous estimate for free cytochrome c, namely, þð8 to 10Þ cm 3 mol −1 (28) . Assuming that the apparent adiabatic mechanism operates for both proteins, this difference must reflect a different flexibility (mobility) of the cytochrome c and Az interiors, under their different interaction conditions with SAMs. The freely diffusing regime for cytochrome c versus the "rigidified," immobilized Az (because of multipoint interaction with the SAM terminal groups) presumably allows for the stronger impact of pressure on its flexibility.
In summary, the results of temperature and pressure kinetic studies are in mutual agreement, and together with those for the reorganization free energy provide a self-consistent picture for the ET process. Namely, aside from the common value of λ o ¼ 0.3 AE 0.03 eV (which is justifiable theoretically), the long-and short-range ET motifs display distinctive signatures of nonadiabatic and apparent adiabatic ET mechanisms [controlled by the electron tunneling and protein's slow intramolecular fluctuations (friction), respectively], and the indication of a smooth changeover between them through the mixed ET regime, notably for n ¼ 10. These findings are in remarkable agreement with our previous results for cytochrome c operating at Au/SAM junctions through both irreversibly adsorbed (24, 29) and freely diffusing (27, 28) modes. Given that Azurin and cytochrome c have different redox cores (Cu versus Fe), metal coordination and architecture, and are immobilized at SAMs through essentially different binding modes, the combination of these findings allow for an essentially critical generalization. Namely, the universal nature of two distinct intrinsic mechanisms for biological ET, including the nonadiabatic (tunneling controlled) and apparent adiabatic (friction controlled) patterns, has been demonstrated.
Materials and Methods
Materials. Highly purified P. aeruginosa azurin was purchased from Sigma and was used without further purification. Alkanethiols, highest purity commercially available, [1-pentanethiol (Acros), 1-undecanethiol (Aldrich), and 1-hexadecanethiol (Aldrich)] were used as received. The buffer components, ultrapure 5 M ammonium acetate (NH 4 Ac) stock solution and HClO 4 (70%) were from Fluka. The Az films were prepared according to published procedures (see SI Text for details).
Instrumentation and Data Processing. Electrochemical measurements were carried out with an Autolab Electrochemical Analyzer PGSTAT 30, equipped with the General Purpose Electrochemical System software for Windows (Version 4.9). The pressure vessel and electrochemical cell have been described elsewhere (27, 28, 34, 56) . The Autolab software was used for the primary data analysis (finding peak positions, midpoint potentials, etc.) and the "postmeasurement" Ohmic potential drop (IR S , where R S is solution resistance between the reference and working electrodes) corrections for the experimental CV response (see SI Text for more details).
The variable pressure measurements were performed with pressure steps of 25 MPa starting at P ¼ 5 MPa (to eliminate any small bubbles), at 2°C throughout. The variable temperature measurements were performed at ambient pressure starting from 2°C with a first temperature step of 4°a nd further steps of 5°C until 45-55°C (depending on the CV signal persistency) was reached.
See SI Text for details of the experimental procedures and data analysis. 
